The biogenesis of the large (60S) ribosomal subunit in eukaryotes involves nucleolar, nucleoplasmic, and cytoplasmic steps. The cytoplasmic protein Rei1, found in all eukaryotes, was previously shown to be necessary for the nuclear reimport of 60S subunit export factor Arx1. In this study we investigate the function of Reh1, a protein with high sequence similarity to Rei1. We demonstrate an overlapping function for Reh1 and Rei1 in the cytoplasmic maturation of the 60S subunit that is independent of Arx1 recycling. We observe that strains lacking both Reh1 and Rei1 accumulate salt-labile 60S subunits, suggesting that Reh1/Rei1 is necessary for the cytoplasmic 60S subunit to adopt its mature, stable form.
Eukaryotic ribosomes are the products of a highly conserved assembly process involving more than 170 trans-acting biogenesis factors, around 75 ribosomal proteins (r-proteins), and four rRNAs (8, 10, 42) . The small (40S) and large (60S) ribosomal subunits are assembled independently, first in the nucleolus and then the nucleoplasm, followed by export to the cytoplasm. Evidence suggests that the newly exported cytoplasmic pre-60S particle requires a slow maturation step before entering the pool of translating ribosomes (33, 40, 44) . The exact nature of cytoplasmic 60S maturation is not well understood but is thought to involve the following steps: (i) the loading of a number of r-proteins, including Rpp0, Rpl7, Rpl10, and Rpl24; (ii) the dissociation and reimport of a small number of nonribosomal factors to the nucleus; and (iii) stabilizing structural rearrangements (43) .
The cytoplasmic protein Rei1 is necessary for the nuclear recycling of Arx1 (19, 27) , a 60S subunit export factor (5, 20) . Rei1 is conserved in all eukaryotes but absent from archaea and bacteria, suggesting an important eukaryote-specific cellular function (11) . In Saccharomyces cerevisiae and a limited number of fungal organisms, an Rei1-related factor named Reh1 is also present. Reh1, like Rei1, is a cytoplasmic protein (18) with three U1-type C 2 H 2 zinc fingers (InterPro number IPR003604), and the two proteins share 34% sequence identity and 54% sequence similarity. Previous studies indicated a degree of functional redundancy between Reh1 and Rei1, as a double deletion of REH1 and REI1 results in a synthetic growth defect (22) , and overexpression of REH1 can partially suppress the rei1⌬ cold-sensitive growth phenotype (22, 27) . However, the overlapping functions of Reh1 and Rei1 were suggested to be unrelated to 60S subunit ribosome biogenesis based on several observations: (i) polysome profiles and rRNA processing were not affected in the reh1⌬ strain (26, 27) ; (ii) depletion of Reh1 in the rei1⌬ background did not significantly increase rRNA maturation defects observed in rei1⌬ cells (26) ; and (iii) 60S subunit export was not affected by depletion of Reh1 in rei1⌬ cells (26) .
Here, we investigate the overlapping functions of Reh1 and Rei1 and find strong evidence that Reh1 is involved in cytoplasmic 60S subunit biogenesis. Like Rei1, Reh1 is associated with newly synthesized 60S subunits and cytoplasmic biogenesis factors. Further, the synthetic growth defect observed in reh1⌬ rei1⌬ strains is independent of Arx1 recycling and correlates with severe defects in polysome profiles, subunit joining, and 60S subunit stability. We conclude that Rei1, in addition to its role in Arx1 recycling, acts redundantly with Reh1 to directly promote a stabilizing structural rearrangement in cytoplasmic 60S subunit maturation.
PCR amplification of the REH1 open reading frame using primers DMP005 (5Ј-GGGGGGGGATCCATGAGCTCTACTTTCTTTACATGCAACTG) and DMP006 (5Ј-GGGGGGCTCGAGCTATTGCAACAACTCATCCCTGTA ATGTG). The PCR products were digested with BamHI and XhoI and ligated into the same sites of p415 TEF (31) . pAJ1004 (URA3 CEN TIF6-GFP) (GFP is green fluorescent protein) and pAJ1015 (URA3 CEN ARX1-GFP) (19) were provided by Arlen Johnson (University of Texas, Austin, TX).
Sucrose gradients. Sucrose density sedimentation was performed essentially as described previously (9) with modifications as noted. For polysome profiles in the presence of low salt, approximately 1 liter of yeast was grown at 30°C in rich medium to mid-log phase (0.7 to 1.0 optical density at 600 nm [OD 600 ] units). Cycloheximide (100 g/ml final concentration) was added to the culture, followed immediately by chilling on ice and pelleting of cells by centrifugation at 4°C (3,000 ϫ g for 5 min). Cells were washed in ice-cold breaking buffer A (20 mM Tris ⅐ HCl, pH 7.5, 100 mM NaCl, 30 mM MgCl 2 , 100 g/ml cycloheximide, 200 g/ml heparin), repelleted by centrifugation as above, resuspended in breaking buffer A (ϳ1.5 ml per g of wet cell weight), lysed by glass bead vortexing (10 cycles of 45 s of vortexing followed by 45 s on ice), and cleared by centrifugation (20,000 ϫ g at 4°C for 20 min). Approximately 10 OD 260 units of cleared lysate were layered on 11 ml of 7 to 47% (mass/vol) sucrose gradients (containing 50 mM Tris ⅐ HCl, pH 7.5, 50 mM KCl, 12 mM MgCl 2 , 1 mM dithiothreitol [DTT] ) and centrifuged in an SW41 Ti rotor, Optima L-90K Ultracentrifuge (Beckman Coulter Inc., Fullerton, CA) at 40,000 rpm (200,000 ϫ g) and 4°C for 3 h. The fractions were scanned at 254 nm and fractionated in an ISCO gradient collector (Teledyne Isco Inc., Lincoln, NE).
For runoff sucrose density sedimentation, extracts were made with breaking buffer A in the absence of cycloheximide. Ultracentrifugation through 11 ml of 10 to 40% (mass/vol) sucrose gradients, containing breaking buffer A without cycloheximide, was performed at 40,000 rpm and 4°C for 4 h.
For subunit stoichiometry determination in the absence of Mg 2ϩ , cell cultures grown as detailed above were lysed in breaking buffer B (50 mM Tris ⅐ HCl, pH 7.5, 50 mM NaCl, 1 mM DTT), and separated by ultracentrifugation on 11 ml of 15 to 30% (mass/vol) sucrose gradients (made with buffers containing 50 mM Tris ⅐ HCl, pH 7.5, 50 mM KCl, 1 mM DTT) at 40,000 rpm and 4°C for 6 h. Ratios of 40S and 60S subunits were calculated by determining the areas under the respective A 254 traces. For subunit stoichiometry determination in the presence of high salt, lysates were made in breaking buffer C (50 mM Tris ⅐ HCl, pH 7.5, 800 mM KCl, 10 mM MgCl 2 , 1 mM DTT), and separated by ultracentrifugation on 11 ml of 10 to 40% (mass/vol) sucrose gradients made with breaking buffer C at 40,000 rpm and 4°C for 4 h. Ratios of 40S and 60S subunits were calculated as with experiments lacking Mg 2ϩ . Immunoprecipitation of FLAG fusion proteins. Cells expressing either 3ϫFLAG-Rei1 (MP002 harboring plasmid pMP003 [MP002/pMP003]) or 3ϫFLAG-Reh1 (MP011/pMP004) were grown in the appropriate synthetic medium to ϳ1 OD 600 unit, lysed by glass bead vortexing, and cleared as described above. Immunoprecipitation in the presence of 150 mM NaCl using anti-FLAG M2 Affinity Gel (Sigma, St. Louis, MO) was according to the manufacturer's protocol. Immunoprecipitated complexes were separated by 5 to 15% gradient polyacrylamide-sodium dodecyl sulfate (SDS) gel electrophoresis (Ready Gel; Bio-Rad, Hercules, CA), followed by staining with Coomassie blue or Western blotting. Proteins from gel slices were identified by proteolysis/mass spectrometry using the Mascot search engine (Matrix Science, Inc., Boston, MA); mass spectrometry was performed by the Mass Spectrometry Core Facility at the University of Utah Medical School (Salt Lake City, UT).
Western blotting. Sucrose gradient fraction proteins were precipitated with 57% acetone overnight at Ϫ20°C, pelleted by centrifugation (20,000 ϫ g at 4°C for 30 min), separated on 5 to 15% polyacrylamide-SDS gels as described above, and transferred to nitrocellulose membranes (Immobilon-P; Millipore, Billerica, MA). The following primary antibodies were used in this study at the indicated dilutions in 3% nonfat milk-TTBS (20 mM Tris, pH 7.5, 150 mM NaCl, 0. Pulse-chase analysis of 3ϫFLAG-Reh1 or 3ϫFLAG-Rei1 immunoprecipitations was performed essentially as described previously (15) . 3ϫFLAG-Reh1 (MP011/pMP004) or 3ϫFLAG-Reh1 (MP002/ pMP003) strains were grown in 250 ml of minimal medium lacking leucine and methionine at 30°C to mid-log phase (OD 600 of ϳ1). Cells were pelleted and resuspended in 9 ml of the same medium. L-[ S protein labeling mix; Perkin Elmer, Waltham, MA) was then added. After 5 min, cells were pelleted and resuspended in 9 ml of medium containing 200 g/ml unlabeled methionine. Samples (1.0 ml) were removed to an ice bath upon addition of unlabeled methionine (0 min), and at 5, 10, 20, and 40 min after chase. Pelleted cells were lysed by glass bead vortexing on ice and cleared, and FLAG immunoprecipitation was carried out as described above. Immunoprecipitated proteins were separated by SDS gel electrophoresis and transferred to nitrocellulose, and Rpl3 was visualized by Western blotting (as described above). [ Fluorescence microscopy. Cells were transformed with a centromeric plasmid expressing either ARX1-GFP (pAJ1015) or TIF6-GFP (pAJ1004). To determine localization of Arx1-GFP in the rei1⌬ strain upon Reh1 overexpression, the MP002 strain was transformed with pAJ1015 and pMP005 simultaneously. Cells were cultured at either 23°C for 16 h or 37°C for 8 h and mounted in liquid minimal culture medium on glass slides. The images were taken at room temperature on an Axioscop 2 microscope (Carl Zeiss Inc., Thornwood, NY) equipped with 100ϫ oil immersion objective lenses (numerical aperture, 1.30 to 0.60) and a Retiga 2000R digital camera 
RESULTS
Reh1 is associated with newly synthesized 60S subunits and biogenesis factors. To determine whether the overlapping functions of Reh1 and Rei1 involve 60S subunit biogenesis, we first asked whether Reh1, like Rei1, associates with free 60S subunits. As a means of probing for Reh1 and Rei1 and to facilitate coimmunoprecipitation experiments, we created yeast strains wherein native Reh1 or Rei1 was replaced with N-terminally tagged 3ϫFLAG-Reh1 or 3ϫFLAG-Rei1, respectively. Genetic rescue experiments indicated that the N-terminal tag did not affect the function of either protein (our unpublished data). When cycloheximide-treated extracts were separated by sucrose density ultracentrifugation, we found that Reh1 and Rei1 cosedimented primarily with free 60S subunits (Fig. 1A ). This result indicated that Reh1 associates with pre-60S particles that have not yet entered the translating pool, as do many other 60S subunit biogenesis factors including Rei1 (19, 27) .
To rule out the possibility that Reh1 acts on mature rather than newly synthesized free 60S subunits, we utilized a combination of pulse-chase 35 S labeling and immunoprecipitation (15, 24) . Rapidly growing cells expressing either 3ϫFLAG-Reh1 or 3ϫFLAG-Rei1 were pulse-labeled (5 min) with L-[ 35 S]methionine, followed by a chase with excess unlabeled methionine. FLAG immunoprecipitations were performed on cells removed at various time points, and 35 S specific activity of 60S subunit r-proteins was analyzed (Fig. 1B) . We observed that the specific activity of 60S r-proteins, but not a FLAG-interacting nonspecific protein ( 35 S control), decreased rapidly as a function of time after chase for both Reh1 and Rei1 immunoprecipitations. The amount of immunoprecipitated Rlp3, monitored by Western blotting, remained unchanged throughout the time course. This result indicated that both Reh1 and Rei1 associate primarily with nascent pre-60S particles, followed by their release from mature 60S subunits. Our findings are similar to previous pulse-chase analyses of 60S biogenesis factors (15, 24) .
We next used immunoprecipitation of 3ϫFLAG-Reh1 or 3ϫFLAG-Rei1 to identify the cytoplasmic biogenesis factors that associate with Reh1-or Rei1-bound pre-60S particles. Coimmunoprecipitating proteins were separated by polyacrylamide gel electrophoresis and identified either by Coomassie staining and subsequent mass spectrometry analysis or by Western blotting (Fig. 1C) . Several biogenesis factors that are known to be present on cytoplasmic pre-60S particles coprecipitated with Reh1 as well as Rei1. Lsg1 (12, 24) was pulled down in near-stoichiometric amounts with Reh1 and Rei1, as indicated by Coomassie staining, and identified by mass spectrometry. In addition, Western blotting demonstrated similar levels of Nmd3 (14, 16) and Tif6 (2) pulled down by Reh1 and Rei1. The coimmunoprecipitation of Reh1 with known cytoplasmic and nucleo-cytoplasmic pre-60S biogenesis factors strongly suggested that Reh1, like Rei1, acts on the cytoplasmic pre-60S particle.
Rei1, but not Reh1, associates with Arx1-bound pre-60S particles. Despite similarities between the biogenesis factors coimmunoprecipitated with Reh1 and Rei1, there were notable differences. First, Reh1 failed to pull down Rei1, as con-FIG. 1. Reh1 associates with free nascent 60S subunits and 60S biogenesis factors but does not associate with Arx1. (A) Cycloheximidetreated extracts from reh1⌬ 3ϫFLAG-REH1 (MP011/pMP004) or rei1⌬ 3ϫFLAG-REI1 (MP002/pMP003) cells were separated by sucrose density sedimentation (7% to 47% sucrose). Positions of 40S, 60S, and 80S subunits are indicated. 3ϫFLAG-Rei1 or 3ϫFLAG-Reh1 was detected by Western blotting using anti-FLAG antibody. (B) Nascent subunits chase through Reh1 and Rei1 complexes. Cells containing 3ϫFLAG-Rei1 or 3ϫFLAG-Reh1 were labeled for 5 min with [ 35 S]methionine, followed by addition of excess unlabeled methionine as described in Materials and Methods. Samples were removed at the times indicated after addition of chase. Extracts were prepared, and proteins were immunoprecipitated with anti-FLAG antibody. Immunoprecipitated proteins were analyzed by Western blotting for Rpl3 (anti-Rpl3) and visualized by autoradiography ([ 35 S]Met). (C) Wild-type (Ϫ), rei1⌬ 3ϫFLAG-REI1 (Rei1), reh1⌬ 3ϫFLAG-REH1 (Reh1), and reh1⌬ rei1⌬ 3ϫFLAG-REH1 (Reh1, rei1⌬) lysates were immunoprecipitated with anti-FLAG antibody, and the resulting proteins were separated by SDS-polyacrylamide gel electrophoresis and stained with Coomassie brilliant blue. Gel bands indicated by arrows were excised from each lane and treated with trypsin, and the protein fragments were identified by mass spectrometry. Western blotting of immunoprecipitated proteins with the indicated primary antibodies was as described in Materials and Methods. IP, immunoprecipitation. A second difference between Reh1 and Rei1 immunoprecipitations was that Reh1 failed to pull down Arx1, as confirmed by Western blotting. This finding suggested one of two possibilities: (i) Reh1 binds to pre-60S subunits downstream of Rei1 binding and Rei1/Arx1 dissociation, or (ii) Reh1 binds to a subset of pre-60S particles that do not contain Arx1. We observed higher levels of Rlp24, a biogenesis factor that binds to the pre-60S particle in the nucleolus and is dissociated shortly after cytoplasmic export (32, 34) , in the Rei1 immunoprecipitation (Fig. 1C) . One interpretation of this result is that Rei1 binds to pre-60S particles prior to Reh1. However, previous studies show that the vast majority of Rlp24 dissociates from the cytoplasmic pre-60S subunit prior to Rei1 binding (27) . If Rei1 and Reh1 are both binding to pre-60S subunits that are rapidly losing Rlp24, the small difference we observe in Rlp24 levels may not be meaningful.
Given the possibility that Rei1 and Reh1 compete for binding to the pre-60S particle, we wished to determine whether deletion of REI1 affected Reh1 binding. We found no difference between Reh1 immunoprecipitations in the wild-type and rei1⌬ strains (Fig. 1C) , indicating that the specificity and kinetics of Reh1 binding are independent of Rei1.
The overlapping functions of Rei1 and Reh1 are independent of Arx1 recycling. Our immunoprecipitation data suggested that Reh1 binds to and acts on pre-60S subunits lacking Arx1, whereas Rei1 interacts with Arx1-bound 60S subunits. This finding led us to consider the possibility that Reh1 acts redundantly with Rei1 in promoting a step in the cytoplasmic 60S maturation pathway distinct from Arx1 recycling.
It was previously shown that the cold-sensitive rei1⌬ growth phenotype was due to the effects of mislocalized Arx1; when ARX1 was deleted in the rei1⌬ background, the growth phenotype was rescued to wild-type levels (19, 27) . If the overlapping function of Reh1 and Rei1 is distinct from Arx1 nuclear reimport, we reasoned that the presence of Reh1 would be critical in both rei1⌬ and arx1⌬ rei1⌬ strains. Indeed, we observed that deletion of REH1 in either the rei1⌬ background (reh1⌬ rei1⌬) or arx1⌬ rei1⌬ background (arx1⌬ reh1⌬ rei1⌬) resulted in an extremely slow growth phenotype ( Fig. 2A) . This result confirmed our hypothesis that the overlapping functions of Reh1 and Rei1 are independent of Arx1 recycling.
Our genetic analysis suggested an Arx1-independent function for Reh1. However, since overexpression of Reh1 partially rescues the rei1⌬ growth phenotype (22, 27) , we performed additional analyses designed to reveal Arx1-dependent functions for Reh1. We did not observe a genetic interaction between ARX1 and REH1 (Fig. 2A, arx1⌬ reh1⌬) , nor did deletion of REH1 affect Arx1-GFP localization in either wild-type or rei1⌬ backgrounds (Fig. 2B) . However, we found that overexpression of Reh1 in the rei1⌬ background resulted in the rescue of Arx1-GFP nuclear localization (Fig. 2C) , a result also observed by others (C. Savaneu and M. Fromont-Racine, personal communication). Interestingly, the ability of Arx1 to cosediment with free 60S subunits, which was previously shown to be absent in the rei1⌬ strain (27), was not rescued by overexpressing Reh1 in the rei1⌬ background (Fig. 2D) , a result also observed by others (26) . We concluded that under normal cellular conditions, Reh1 does not influence Arx1 recycling. When overexpressed, Reh1 appears to promote the nuclear reimport of Arx1 but cannot render Arx1 capable of binding to pre-60S subunits and, presumably, participating in the ribosome biogenesis pathway.
While studying the functional overlap between Arx1 and Reh1, we also uncovered a novel feature of the functional overlap between Arx1 and Rei1. We found that while the growth defects of the rei1⌬ strain were alleviated when cells were grown at 37°C (Fig. 2A) , as previously observed (19, 22, 27) , the location of Arx1-GFP continued to be predominantly cytoplasmic when grown at the higher temperature (Fig. 2B) . This finding indicated that mislocalized, cytoplasmic Arx1 does not lead to growth defects at high temperatures.
We considered the possibility that the overlapping functions of Reh1 and Rei1 influence Tif6 recycling, based on previous evidence that REI1 deletion changes Tif6 localization from primarily nuclear to cytoplasmic (27) . However, in our hands Tif6-GFP localization remained primarily nuclear in rei1⌬ as well as in reh1⌬ rei1⌬ cells (Fig. 2E) . We also considered the possibility that the association of trans-acting factors Lsg1, Nmd3, and Tif6 with pre-60S particles might be disrupted in the absence of Reh1 and Rei1. However, we observed that cosedimentation of Lsg1, Nmd3, and Tif6 with free 60S subunits was the same in wild-type, rei1⌬, and reh1⌬ rei1⌬ strains (Fig. 2F) . We concluded that it was unlikely that the overlapping functions of Reh1 and Rei1 are critical for the recycling/association/dissociation of a known cytoplasmic trans-acting factor.
The overlapping functions of Reh1 and Rei1 are important for polysome formation and 40S-60S subunit joining. To better understand the overlapping functions of Reh1 and Rei1 in 60S subunit maturation, we obtained polysome profiles for strains lacking both Reh1 and Rei1 (Fig. 3A) . The wild-type and reh1⌬ polysome profiles were indistinguishable. The reh1⌬ rei1⌬ and arx1⌬ reh1⌬ rei1⌬ polysome profiles, like the previously described rei1⌬ profile (19, 27) , were distinguished by half-mers: peaks sedimenting slightly faster than monosome, disome, and trisome peaks and thought to indicate defects in 60S subunit biogenesis or the 60S subunit joining step of translation initiation (17) . We also observed diminished 80S peaks and polysome levels in the reh1⌬ rei1⌬ and arx1⌬ reh1⌬ rei1⌬ strains. These findings suggested that translation initiation may be diminished in cells lacking both Reh1 and Rei1, possibly due to defects in subunit joining.
To verify that cells lacking both Reh1 and Rei1 are defective in subunit joining, we monitored the formation of 80S couples (monomers formed in the absence of mRNA) in cell extracts prepared in the absence of cycloheximide to allow translation runoff (Fig. 3B) . We found that 80S couples readily formed in wild-type and reh1⌬ extracts, with very few observable free 40S subunits (the free 60S subunits are obscured by the large 80S peak). In contrast, the rei1⌬ strain demonstrated an increase in the 40S peak and a corresponding decrease in the 80S peak that were indicative of a subunit joining defect. The free 40S peak was considerably larger, and the 80S peak was considerably smaller in reh1⌬ rei1⌬ and arx1⌬ reh1⌬ rei1⌬ strains, suggesting that subunit joining was particularly defective in the absence of both Reh1 and Rei1. Our findings were consistent with two possibilities: cells lacking both Reh1 and Rei1 either produce dramatically substoichiometric amounts of 60S subunits or assemble 60S subunits that bind poorly to 40S subunits.
60S subunit salt stability is dramatically affected in strains lacking both Reh1 and Rei1. To address 60S/40S stoichiometry, we first used buffer lacking Mg 2ϩ to resolve 40S and 60S subunits by sucrose density ultracentrifugation (13) and compared the relative levels of 40S and 60S subunits by calculating the areas beneath the respective A 254 traces (Fig. 4A) . In wild-type and reh1⌬ strains, the 60S/40S ratios were near 2.0, as previously reported for wild-type cells (36) . The 60S/40S ratio in rei1⌬ cells was 1.77, which was significant though less dramatic than the previously measured value of 1.36 (30) , possibly due to differences in growth temperature of cold-sensitive rei1⌬ (23°C in the study of Meyer et al. [30] versus 30°C here). Interestingly, although reh1⌬ rei1⌬ and arx1⌬ reh1⌬ rei1⌬ strains demonstrated dramatically slow growth ( Fig. 2A) impaired polysome profiles (Fig. 3A) relative to rei1⌬ at 30°C, we did not observe a further decrease in the 60S/40S ratios in strains lacking both Reh1 and Rei1. The most noticeable difference between rei1⌬ and reh1⌬ rei1⌬ strains was a reduction in the levels of both ribosomal subunits relative to the A 254 peak at the top of the sucrose gradient, suggesting that the total ribosome concentration may be diminished in these strains. Our results indicated that the observed defects in polysome formation and subunit joining were not simply due to substoichiometric 60S subunit levels. When we utilized high-salt conditions (800 mM KCl plus 10 mM MgCl 2 ) rather than an absence of Mg 2ϩ to separate 40S and 60S subunits (38, 39), we observed a strikingly different result (Fig. 4B) . The 60S/40S ratios from wild-type and reh1⌬ strains were relatively unchanged under high-salt conditions, but rei1⌬ and especially reh1⌬ rei1⌬ and arx1⌬ reh1⌬ rei1⌬ strains showed a dramatic decrease in 60S subunits. Our analysis indicated that ϳ70% of 60S particles are salt labile in cells lacking both Reh1 and Rei1. When the high-salt sucrose gradient fractions were probed for the presence of 60S subunit r-protein Rpl3, we found a significant amount of Rpl3 near the top of the reh1⌬ rei1⌬ and arx1⌬ reh1⌬ rei1⌬ gradients but not those from wild-type, reh1⌬, or rei1⌬ cells (Fig. 4B) . We surmised that 60S subunits from cells lacking both Reh1 and Rei1 fall apart in the presence of high salt.
We considered the possibility that one or more r-proteins are not loaded onto 60S subunits in the reh1⌬ rei1⌬ strain, leading to salt instability. We determined the r-protein composition of wild-type and reh1⌬ rei1⌬ 60S subunits (Fig. 4A) by proteolysis/mass spectrometry and did not observe any differences between strains (Table 2 ). Nor did we observe differences in rRNA composition profiles between wild-type and reh1⌬ rei1⌬ 60S subunits (our unpublished data). Thus, 60S subunit salt instability in the reh1⌬ rei1⌬ strain likely stems from defects in conformation rather than r-protein or rRNA composition.
Salt-unstable 60S subunits are also observed in cells depleted of Rpl10 and, to a lesser extent, in rpl24⌬⌬ cells. We wondered if the defects in 60S subunit stability observed in the reh1⌬ rei1⌬ strain are present in other strains wherein cytoplasmic 60S subunit maturation is affected. To address this issue, we investigated the salt stability of 60S subunits from strains lacking one of two distinct, cytoplasmically loaded rproteins: Rpl24 and Rpl10. Rpl24 is a nonessential r-protein (1) that may affect the kinetics of translation (6) . Rpl10, in contrast, is essential (41) and necessary for 40S-60S subunit joining (7) . Using a yeast strain wherein both copies of RPL24 were deleted (rpl24⌬⌬), we observed a decrease in polysome levels (Fig. 5A ) similar to that observed previously (26) . Though subunit stoichiometry was not affected in the rpl24⌬⌬ strain, we observed that ϳ25% of 60S subunits appeared to be salt labile (Fig. 5A) . Rpl10-depleted cells demonstrated greatly reduced polysomes levels, a significant (ϳ25%) decrease in 60S subunits relative to 40S subunits along with a large overall decrease in ribosomes, and a very large fraction (ϳ70%) of salt-labile 60S subunits (Fig. 5B) . The similarity in 60S subunit salt lability between Rpl10-depleted and reh1⌬ rei1⌬ cells led us to consider the possibility that deletion of REH1 and REI1 might affect Rpl10 loading. Mass spectrometry data showed that Rpl10 is present on reh1⌬ rei1⌬ 60S subunits (Table 2) but did not indicate levels relative to wild-type 60S subunits. When Rpl10 levels of free 60S subunits from reh1⌬ rei1⌬, arx1⌬ reh1⌬ rei1⌬, Rpl10-undepleted, and Rpl10-depleted cells were compared by Western blotting (Fig. 5C) , we found no defect in Rpl10 in cells lacking both Reh1 and Rei1, indicating that Rpl10 loading does not involve Reh1/Rei1. We concluded that cytoplasmic loading of r-proteins, as well as the overlapping functions of Reh1/Rei1, affects 60S subunit stability.
DISCUSSION
Here, we have investigated the overlapping functions of Reh1 and Rei1 in budding yeast. We found that Reh1, like Rei1, is a cytoplasmic 60S subunit biogenesis factor. Reh1 associates with pre-60S particles and known cytoplasmic biogenesis factors Nmd3, Lsg1, and Tif6. Although Reh1 appears to be dispensable when Rei1 is present, when REI1 is deleted, Reh1 plays a critical role in cellular growth and the formation of mature, stable 60S subunits. We propose that Reh1 and Rei1 have partially redundant functions in cytoplasmic 60S subunit maturation.
What is the nature of the overlapping functions of Reh1/ Rei1? Our study shows that the function of Reh1 and the overlapping functions of Reh1 and Rei1 are distinct from Arx1 recycling. Although cytoplasmic Arx1 accumulates in the reh1⌬ rei1⌬ strain, the slow growth of this strain is due to an independent defect in ribosome biogenesis as multiple significant defects in growth, polysome levels, subunit joining, and salt stability are not alleviated upon deletion of ARX1. Given the evolutionarily conserved nature of Rei1 and the importance of the Arx1-independent overlapping functions of Reh1 and Rei1 in yeast, we expect that Rei1 homologs in other eukaryotes may play important roles in 60S subunit structural stability.
Is it possible that the principal function of Reh1/Rei1 is to recycle a shuttling biogenesis factor other than Arx1? Although our analysis cannot exclude such a possibility, we believe it to be unlikely. We have shown directly that Tif6 recycling is not defective in the reh1⌬ rei1⌬ strain. In addition, we found that deletion of both REH1 and REI1 does not affect the association of trans-acting factors Lsg1, Nmd3, or Tif6 with pre-60S particles. Disruption of recycling of factors that have critical nuclear functions often leads to severe defects in rRNA processing, 60S subunit export, and 60S subunit stoichiometry (12, 29, 32, 35) . That we along with others (26) have not observed such phenotypes in cells lacking both Reh1 and Rei1 suggests that the phenotypes observed in cells lacking both Reh1 and Rei1 do not reflect indirect effects on nuclear steps in 60S subunit assembly or export. We propose instead that Reh1 and Rei1 directly influence structural rearrangements in the cytoplasmic pre-60S particle, a novel function for a cytoplasmic 60S subunit biogenesis factor. If the pre-60S particle requires a high degree of conformational flexibility to pass through the nuclear pore complex, a concept termed the "baby's head" model (43), Reh1 and Rei1 may act to facilitate the structural rearrangements necessary to adopt a final, structurally stable form.
This study leaves several questions outstanding. Why do yeast cells use functionally redundant proteins Rei1 and Rei1 rather than a single copy of Rei1 (as do most eukaryotes)? What is the specific nature of the 60S subunit conformational change(s) requiring Reh1/Rei1? How does the function of Rei1 in promoting pre-60S particle conformational change relate to its function in recycling Arx1? The resolution of these issues will help us better understand cytoplasmic maturation of the 60S subunit in eukaryotes.
